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Abstract 
Composite materials are used in many structural applications due to their superior properties, e.g., strength-to-weight ratio. 
Composite structures also offer great flexibility and stiffness in design, allowing change of the material system in many ways like 
number of fibers, different lay-up configurations, etc. With the increased use of composites it has been understood that their 
deformations in terms of fatigue is more complex than that of metals.  
Because of the major deficiencies in life prediction methodologies for composite materials resulting from their complexities, 
composite structures, used in fatigue applications for example, are generally over-designed to eliminate catastrophic and fatal
failures and are therefore heavier and more costly. 
In this study, a methodology was proposed to find globally optimum designs of composite laminates subject to given in-plane 
loads for maximum fatigue life. For this purpose, a parametric fatigue life prediction model, proposed by Fawaz and Ellyin, was
coupled with a global optimization technique called Direct Simulated Annealing (DSA) which is the improved version of 
Simulated Annealing (SA). The number of distinct fiber orientation angles and the number of plies each lamina contains were 
predetermined. The fiber orientation angles in each layer were taken as design variables and determined in the design process. A
computer code was developed in ANSYS parametric language and results were obtained for different configurations and loading 
conditions. A number of problems were solved to demonstrate the effectiveness and reliability of the proposed method. 
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1. Introduction 
Composites are used in many structural applications due to their superior properties and as a result usages of 
them are continuously increased. Because of this increased usage, studies related to composite and composite 
structures also gained importance for both academic and industrial point of views. 
In composites, as being in metals, fatigue is the main deformation mechanism under service loading. The growth 
and accumulation of fatigue cracks through the laminate thickness is often the sequence of events that leads to 
failure and the loss of structural integrity [1]. However, the extensive research on composite materials revealed that 
their fatigue behavior is complex. It is known that, for example, after initiation, the propagation of the crack is 
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responsible for final fatigue failure in metals, while accumulation of cracks leads to failure in composite materials 
[2]. Even for unidirectional reinforced composites under the simple loading case, such as tension loading along the 
direction of fibers, fatigue cracks may initiate at different locations and in different directions. The fatigue behavior 
of one constituent may be significantly affected by the presence of other constituents and the interfacial regions 
between fibers and matrix. Fatigue failure behavior in laminated composite structures is highly dependent on the 
properties of fiber orientation, the constituent material properties, nature of the loading, stacking sequence, 
environmental conditions like temperature and humidity, etc [2, 3]. Because of the contexture mentioned above, 
analyzing of composite materials is difficult. For example, when a multidirectional laminate is loaded uniaxially, the 
resulting stress distributions in its individual laminae are inherently multiaxial. This makes the examination of 
composites hard [4, 5]. 
The use of Fiber Reinforced Materials (FRM) can be accelerated if the ability of the prediction of fatigue failure 
life under various loading conditions is determined accurately. In the past, a few theories have been proposed just 
for the prediction of static failure of FRM’s. In contrast, very little work has been done in the area of predicting 
multiaxial fatigue failure [1, 6, 7].  
2. Fatigue Life Prediction Models 
Fatigue life prediction models for composite materials are mainly classified into five categories, namely 
cumulative and progressive damage, probabilistic, phenomenological/empirical, artificial neural network, and 
meso/micromechanics [2]. 
3. Fawaz-Ellyin Fatigue Life Prediction Model 
Fawaz and Ellyin [4, 5] proposed two different formula for unidirectional and bidirectional loading cases started 
with the assumption that a semi-log linear relationship exists between the stress versus fatigue life of a fiber-
reinforced laminae and then the relation between the cyclic stress and fatigue life is obtained as the following:
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where f  and g  are the so called non-dimensional entities which calculated according to loading conditions. 
For unidirectional laminae, the so called non-dimensional entity, which is the static correlation factor, where the 
negative and positive signs refer to compressive and tensile failure stresses, respectively, is given as the following: 
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For bidirectional laminae, Fawaz-Ellyin using symmetric geometry assumption, defined the fatigue life 
prediction formula and the necessary non-dimensional entities, f  and T , respectively, as the following: 
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In short, using uniaxial cyclic test results which fibers can orient between  and , the reference line is 
obtained. Then, using 
00 090
xS D  and  xS E  which are obtained from again uniaxial stress test results, the non-
dimensional parameters, static correlation factor,  f a , stress correlation factor,  g R , and fiber orientation angle 
correlation factor,  T T , can be obtained. Once the necessary experimental parameters are obtained, the model will 
predict the failure of any FRM’s under any arbitrary set of loading conditions [4, 5]. 
4. Structural Optimization via DSA 
The origin of the Simulated Annealing (SA) algorithm is in statistical mechanics. The idea of using the annealing 
method in optimization problems is due to Kirkpatrick et al [8]. The algorithm tries to simulate the physical process 
of annealing, where atoms rearrange themselves randomly during cooling to form a crystal structure having lowest 
energy state. In SA, an arbitrary initial design is selected and systematically updated until a stopping criterion is 
satisfied. Updating is based on an iterative procedure. In each iteration, an arbitrary design is generated in the 
neighborhood of the current configuration. If the cost function of the new design has a smaller value compared to 
that of the current design, it is accepted. The new design then replaces the old one. On the other hand, if the new 
cost function has a larger value, the acceptability of the design is decided according to the probability of Boltzman 
distribution. The calculation of this probability depends on a temperature parameter, T, which is referred to as 
temperature, because it plays a similar role in the optimization process as the temperature in the physical annealing 
process. The temperature is kept constant for a number of trials and then reduced. The rate of reduction should be 
slow so as not to get trapped at a locally minimum point. At initial stages of the algorithm (at high temperatures), the 
probability of accepting worse designs is higher but later on at low temperatures, this probability becomes lower and 
lower so that in the end the designs having a higher cost are almost never accepted [8]. 
5. Problem Statement 
The problem is to design a composite laminate reinforced by continuous fibers subject to in plane loads. The 
objective is to find the optimum design of the laminate to attain the maximum fatigue life. The number of distinct 
fiber orientation angles and the number of plies each lamina contains are given. The orientation angles are to be 
determined in the design process. Accordingly, the number of design variables equals to the number of distinct fiber 
orientation angles. 
6. Optimization Methodology 
6.1. Formulation of the Objective 
Failure of any ply signals inception of failure of the whole structure, even though its ultimate load bearing 
capacity may not be exceeded. For this reason, this is considered as a design limit. Accordingly, the first-ply failure 
approach is adopted in the design optimization. Because search algorithm is constructed to minimize the objective 
function it is chosen as the inverse of the fatigue life of the laminate. Using Equations 3, 4, and 5, the objective 
function is expressed as: 
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f
f where S f a T
N
T Nª º  ¬ ¼ (6)
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where fN  is the fatigue life of the composite laminate; 1  is the lamina’s first principal stress value. With this 
objective function, the fatigue life and as a result the strength of the composite structure is maximized with an 
effective use of fiber orientation. 
S
6.2. Optimization Algorithm 
In this study, a variant of simulated annealing (SA) algorithm called “direct search simulated annealing” (DSA) 
was used to maximize the fatigue life of the composite structures subject to biaxial in-plane loading. In DSA, unlike 
ordinary SA, a set of current configurations rather than a single current configuration is maintained during the 
optimization process. Accordingly, unlike the standard SA algorithm where only the neighborhood of a single point 
is searched, DSA searches the neighborhood of all the current points in the set. 
6.3. Finite Element Model 
In order to perform stress analysis of the laminate, a 3-dimensional (3-D) parametric finite element model (FEM) 
was created by using the ANSYS FE code. The eight-node 3-D tetrahedral layered solid element, SOLID46, was 
used. Three-dimensional (3-D) mesh was generated to optimize computational time for solution convergence. 
Moreover, a convergence analysis was also performed. A dense mesh of the laminate (approximately 8500 
elements) was adopted. Because high stress concentration occurs in the vicinities of the hole, much smaller elements 
were used around the hole in comparison to that of the whole composite structure. Figure 1 shows the geometric 
dimensions and BCs of the laminate. 
Fig. 1. A symmetric laminate under distributed in plane loads,  andxxN yyN
7. Numerical Results and Discussions 
In the finite element model of the program, since the necessary constants used in the model were known, a woven 
E glass fiber-reinforced isophtholic polyester material was chosen [9]. In each iteration, a random laminate 
configuration is generated by introducing random changes to fiber angles. Then, FE analysis of the laminate is 
carried out to determine the stress state generated due to the maximum load. Since, the structure is assumed to be 
linear, the stresses corresponding to the minimum load are obtained by reducing the calculated stresses by the 
minimum-to-maximum-load ratio. Using the stress states at the nodes where the equivalent stress is high, the fatigue 
lives at all critical locations are estimated using Fawaz-Ellyin model. In order to apply the model, first principal 
stresses and principal directions for each node are obtained, and then the angle between fiber orientation one and 
principal direction is found. The minimum fatigue life value is chosen as the fatigue life of the laminate. The newly 
generated configuration is accepted or rejected according to the acceptance criteria of DSA algorithm. Iterations are 
continued until convergence is obtained. 
Tables 1 and 2 show, for example, the optimum lay-ups and fatigue life values for the distributed in plane 
loading, Nxx = Nyy = 1.5 MPa m which are maximum values of the loading (minimum in-plane loads are equal to 
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0.75 MPa m), and for different possible fiber orientation angles, e.g. 4 and 2 different number of distinct fiber 
angles, respectively. Half laminate thickness equals to 16 
Table 1. The optimum lay-ups and corresponding fatigue life values for the distributed in plane loading, Nxx and Nyy, for 4 different number of 
distinct fiber angles and for different possible fiber orientation angles 
Possible fiber angles Optimum lay-up sequences Fatigue life (cycle) 
±0q, ±45q, ±90q [454/04/04/04]s, [454/±904/±904/±904]s 679610 
±0q, ±30q, ±60q, ±90q [-604/±904/±904/04]s 461220 
Table 2. The optimum lay-ups and corresponding fatigue life values for the distributed in plane loading, Nxx and Nyy, for 2 different number of 
distinct fiber angles and for different possible fiber orientation angles 
Possible fiber angles Optimum lay-up sequences Fatigue life (cycle) 
±0q, ±45q, ±90q [-458/08]s, [458/08]s, [-458/-908]s 470630 
±0q, ±30q, ±60q, ±90q [308/908]s, [308/08]s, [-608/08]s, [-608/-908]s 339930 
8. Conclusions 
In this study, first the fatigue failure behavior of composite structures is investigated and then a methodology is 
proposed to find globally optimum designs of composite laminates subject to given in-plane biaxial loads for 
maximum fatigue life. For this purpose, a parametric fatigue life prediction model, proposed by Fawaz and Ellyin, 
was coupled with a global optimization technique called Direct Simulated Annealing (DSA) which is the improved 
version of Simulated Annealing (SA). The number of distinct fiber orientation angles and the number of plies each 
lamina contains were predetermined. The fiber orientation angles in each layer were taken as design variables and 
determined in the design process. A computer code was developed in ANSYS parametric language and results were 
obtained for different configurations and loading conditions. A number of problems were solved to demonstrate the 
effectiveness and reliability of the proposed method.  
Because it is used a global optimization technique, DSA algorithm, the proposed algorithm can reliably find the 
global design or a near global design in every run even with a large number of optimization variables. In addition, 
because the DSA algorithm uses N number of current configurations, it may find many multiple global or near 
global optimum designs in a single run. 
With the increased number of distinct fiber angles the complexity of the optimization problem increases as well 
as the possibility of improvement. As seen in the tables presenting the results, significant improvements in terms of 
fatigue life values can be obtained when the number of distinct fiber angles is increased from two to four. Hence, it 
can be concluded that choosing a high number of distinct fiber angles is necessary to obtain the best possible design. 
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